Abstract: Structural properties and energetics of silicon and phosphorus doped hexagonal boron nitride sheets were investigated by performing density functional theory calculations. The dopant atoms were substituted in a neutral charge state at either the B or the N site in the system as an impurity. All the systems under consideration were fully optimized.
Introduction
Boron nitride (BN), a III-nitride, is a material with technological importance. The BN crystal has several polymorphous forms: cubic boron nitride (c-BN), wurtzite boron nitride (w-BN), rhombodhedral BN (r-BN), and hexagonal BN (h-BN). BN has many fascinating properties. It is as hard as diamond, with w-BN being even harder than diamond [1] , it has a wide band gap [2] , it is a remarkable thermal and chemical stabilizer [3] , it has good thermal conductivity, and it has high mechanical strength; furthermore, it is a corrosion and oxidation resistant material. These properties make it an important material for many applications. h-BN was synthesized at atmospheric pressure by Kubota et al. [4] as a promising deep-ultraviolet-light emitter.
It is a suitable material for producing nanotubes [5] , hydrogen storage [6] , neutron detectors [7] , and other technological applications.
In recent years, h-BN (monolayer, 2-dimensional honeycomb structure), a III-V compound of boron and nitrogen with strong covalent sp 2 bonds, has gained great interest as a two-dimensional (2D) material, following the isolation of graphene from graphite by Novoselov et al. [8] . The h-BN monolayer, which is a single 2-dimensional sheet similar to graphene, has very different electronic characteristics. This material has been studied extensively both experimentally [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] and theoretically [19] [20] [21] . h-BN is a material with a wide gap with important applications for optoelectronic technologies [22, 23] . It has been also shown that this material enhances the performance of graphene-based electronic devices [24] [25] [26] [27] and other technological applications [28] .
Moreover, as stated in Ref. [29] 'the oxidation resistance of h-BN nanosheets makes them more preferable for high-temperature applications than graphene'.
The h-BN sheet can be grown using different techniques such as chemical vapor deposition (CVD) [30, 31] , liquid-phase exfoliation [32] , and controllable electron beam radiation [33] . Feng et al. [34] obtained a few atomic layer h-BN sheets using a pulsed laser deposition technique (CO2-PLD). Initially, Corso et al. [30] synthesized a self-assembled superstructure of h-BN monolayers on a Rh(111) surface. Their discovery has accelerated investigations on the growth of h-BN monolayers of many transition metal surfaces from various aspects [35] [36] [37] [38] [39] .
Doping and native defects affect the electronic, optical, chemical, and magnetic properties of the materials. In a previous theoretical study [40] , the electronic and magnetic properties of both V B and V N monovacancies in the h-BN sheet were investigated. Du et al. [41] found that V B has a lower formation energy than V N and these lattice defects in the h-BN sheet have been identified experimentally by Jin et al. [13] . Theoretically, different defects in the h-BN sheet have been studied and their formation energies have been calculated [42] .
The carbon (C) atom is the most common dopant for the h-BN sheet. It can provide n-and p-doping [43, 44] .
The doping of silicon (Si) , which belongs to the same group as C, is also studied for carbon nanotubes (CNTs) [45] and boron nitride nanotubes (BNNTs) [46] . In the present work, Si and phosphorus (P) substituted h-BN sheets were considered using density functional theory (DFT) in order to assess the influence of Si and P dopants on the structural and energetics properties at the B and N sites.
Computational methods
The CRYSTAL03 package program [47] was used in the present work, in which the DFT formalisms are implemented. CRYSTAL03 uses the localized Gaussian-type basis sets: the 6-21 G * basis set has been used for B and N atoms. The basis sets 88-31 G * and 85-21d1G are used for Si and P atoms, respectively. The experimental values of bulk lattice parameters (a = 2.50399Å and c = 6.6612Å ) were used [48] . CRYSTAL03 computes the matrix elements of the coulomb and exchange terms by direct summation of infinite periodic lattice. The reciprocal space integration was performed by sampling the Brillouin zone of the unit cells with the 8 x 8 x 1 and 8 x 16 x 1 Monkhorst-Pack net [49] , which provides the balanced summation in direct and reciprocal spaces [50] . To ensure the numerical convergence of the self-consistent-field procedure the numerical threshold was set to 10 −9 a.u. for the total energy.
Si and P doped h-BN sheets were investigated by performing DFT calculations using the B3LYP hybrid functional [51, 52] . A full geometry optimization and the energetic calculations were carried out. One B or N atom is replaced with one Si or P atom to create the doping atom (Si B , Si N , P B , and P N ). To evaluate the relative stability of Si and P doping in the h-BN sheet with respect to the pristine h-BN sheet, the formation energies were obtained from the relation
where E d is the energy of the defective system, E p is the energy of the perfect system, and E(B or N ) is the energy of the isolated boron or nitrogen atom, whereas E(X) is the energy of the isolated dopant atom (Si or P). To be able to see the size effect on the calculated quantities, different unit cell sizes were considered, such as 5 x 5, 6 x 6, 7 x 7, 8 x 8, and 9 x 9. The corresponding total numbers of atoms for these models are 50, 72, 98, 128, and 162.
Results and discussion
We tried several working cell sizes to see the convergence in the calculated quantities, which are tabulated in Tables 1-3 with respect to working cell size. A sample picture for optimized pristine and P substituted models generated from the 5 x 5 working cell is displayed in Figure. Some of the calculated quantities show a smooth convergence; however, some of them show slight fluctuations. Bond lengths show a smooth increase with respect to cell size in both cases, Si and P doped models. On the other hand, the amounts of excess charge on the atoms do not show a dependence on cell size. Table 2 . P doped h-BN sheet: the bond length (d, inÅ) and charge transferred ( |e| ). The structural changes caused by the substitution atoms are significant. The optimized bond length of B-N (1.446Å) for the pristine structure is in good agreement with experimental values of 1.44Å [53] , as expected (because the lattice was constructed by using the experimental data). The bond lengths of the doped h-BN and the charge transfers from Si and P atoms to the h-BN layer are given in Tables 1 and 2 . There is an extension of bond length as a result of doping with both Si and P atoms. In the Si doping at B site the Si-N bond length expands about 14.3% with respect to the pristine case; on the other hand, at the N site the Si-B bond length expands about 21.6%. In the case of P doping related with bond lengths, similar behavior appears as in the Si doping case. According to the results presented in Tables 1 and 2 the bond lengths can be ordered as the following: P-N < Si-N < P-B < Si-B. On the other hand, charge transfer from the substituent atoms to the h-BN sheet show an interesting feature. The Si atom loses more electrons with respect to the P atom. The largest charge transfer takes place on Si N , whereas the smallest charge transfer takes place on P B .
Model d(P
The calculated formation energies for Si B , Si N , P B , and P N impurities are given in Table 3 . According to the calculated formation energy values, the processes of Si doping at the B site and P doping at the N site are exothermic, whereas the processes of Si doping at the N site and P doping at the B site are endothermic. All energy values show a smooth convergence with respect to the cell size. The chemical doping with Si B and/or P N is expected to be easier than that of Si N and/or P B . In particular, Si B has a larger negative formation energy with respect to the other cases. The present results agree with recent experimental findings [54, 55] and a previous DFT calculation [56] . 
